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E=mc?

¢ Mass-energy equivalence

® Colliding particles at energy E can produce
particles of mass up to m

® Rinse, lather, repeat
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Accelerators

® Oscillating electric fields to accelerate a
charged particle

o F=gE&F=ma:a=qgE/m

¢ Use magnets to steer particles
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The Cyclotron

Ernest Lawrence
Nobel Prize in Physics (1939)
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The Standard Model (1960s)
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The Standard Model (1960s)
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_ The Standard Model (1960s)
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_ The Standard Model (1960s)
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The 21st Century
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The 21st Century

+ -
e e —hadrons

Cross-section (pb)

TRISTAN SLC
LEP I LEP 11
100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

e charm quark: 1974@SLAC, BNL ko
e tau lepton: 1975@SLAC Precision measurements of

* bottom quark: 1977@FNAL particle properties agree with
e gluon: 1978@DESY P

+W and Z boson: 1983@CERN standard model predictions
e top quark: |995@FNAL

e tau neutrino: 2000@FNAL



Uut...

Many questions remain
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Uut...

Many questions remain
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The Higgs™ Mechanism

No Higgs Field With the Higgs Field
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The Higgs Boson

® Peter Higgs postulates a

particle associated with the
Higgs Field

® The Higgs Boson (spin 0)
“The God Particle” (L.




Predicting the Higgs Boson’s Mass

® Direct searches up to 2006 exclude mu<I| 14 GeV

® Standard Model predicts the mass of the Higgs
boson in terms of all other measured SM

parameters




The Fermilab Tevatron

to Chicago (~35 mi)

® Proton-antiproton collider at up to 980
GeV per beam

® Operated from 1992-1996 at 1.8 TeV,
2001-2011 at 1.96 TeV

® First ever superconducting particle collider
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“Seeing” with Detectors
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Calibrating Energy Measurements
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Calibrating Energy Measurements

CDF Il preliminary L dt=2.2 fb™
J/D mass measured from

® Data other experiments

— Simulation Ap/p = (-1.284 = 0.024_ ) x 107 38
m)p=3096.91610.01 | MeV
v2/dof = 95/ 86
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Calibrating Energy Measurements

CDF Il preliminary f L dt-2.2fb" CDF Il preliminary f L dt~2.2 b

® Data

— Simulation Ap/p = (-1.284 = 0.024_ ) x 10° M, =(91180= 12,,_) MeV

) Z boson
l +2/dof = 30 / 30 decay to ete-

events / 0.5 GeV

x2/dof = 95 / 86

events / 2.5 MeV

J =

CDF Il preliminary f L dt~2.2 fb CDF Il preliminary f L dt=2.2 fb!

® Data

u 3 ® Data
= Simulation Ap/p = ('1.185 + 0'023tat) x10

M; = (91230 = 30,,,) MeV — Simulation

events /7.5 MeV
events / 0.5 GeV

v2/dof = 42 / 38 Z boson
ecay to gy

v2/dof = 48 / 38




Calibrating Energy Measurements

CDF Il preliminary [Lat-22m" CDF Il preliminary [rat-22m"

® Data |
— Simulation Ap/p = (-1.284 = 0.024_ ) x 10° M, = (91180+ 12,_,) MeV

) Z boson
l +2/dof = 30 / 30 de ay to ete-
\Jle

events / 0.5 GeV

x2/dof = 95 / 86

events / 2.5 MeV

J =

CDF Il preliminary

f L dt~ 2.2 fb" ((\e CDF Il preliminary f L dt~2.2 b

® Data

o 1105 o 0"
. — Simulation Ap/p = ( 1'185é€@at 0

°
Data
M, = (91230 = 30 — Simulation

sta

) MeV

events /7.5 MeV

events /0.5 GeV
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events/ 0.5 GeV

events/ 0.5 GeV

Measured VV Boson Mass

CDF Il preliminary

M,, = (80379 = 16_,_,) MeV

sta

x2/dof = 58 / 48

CDF Il preliminary

M,, = (80408 = 19_,_) MeV

stat

v2/dof = 52 / 48

100
m;(wv) (GeV)

f Ldt~2.2fb"

100
m.(ev) (GeV)

Using ~| million W boson decays

Combined with measurements
from other experiments
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So what does it tell us?
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mH < |52 GeV

Direct searches:
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So what does it tell us?

mw = 80.38520.015 GeV
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So what does it tell us?

mw = 80.38520.015 GeV
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The LHC by the numbers

Energy: 14 TeV / x Tevatron
Length: 27 km

Magnetic Field:8.3T = 2 xTevatron

4 x Tevatron

Beam Energy: 350 MJ = 250 x Tevatron
Instantaneous Luminosity = 60 x Tevatron
# of Collisions in an event = [0 x Tevatron

Data Rate: | Terabyte

=3

50 x Tevatron
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ATLAS and CMS

stect .
Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters
Solenowd

End Cap Toroid

Barrel Toroid Inner Detector 5
Hadronic Calorimeters

ATLAS: 42m x 22m
/7,000 tons

CALORIMETERS
ECAL HCAL
76k scintillating Plastic scintillator/brass
PbWO4 crysta sandwich

R IRON YOKE
O ¥
Y MUON
A ENDCAPS
Cathode Strip
Chambers (CSC)
Resistive Plate

Chambers (RPC)

TRACKER'
Pixels
Silicon Microstrips

210 m2 of silicon sensors
9.6M channels

Superconducting Colil,

4 Tesla MUON BARREL

Drift Tube Resistive Plate
Shielding Chambers (DT) Chambers (RPC)

CMS:2Im x | 5m
12,500 tons
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ATLAS and CMS

Muon Detectors Electromaanetic Calorimeters — = CALORIMETERS
7 G = ECAL HCAL
76k scintillating Plastic scintillator/brass
¥ PbWO4 crysta sandwich

IRON YOKE

Forward Calorimeters

MUON

ENDCAPS

Cathode Strip
Chambers (CSC)

Resistive Plate
Chambers (RPC)

Sensors

ting Coil | “Weight: 12,500 T
MUON BARREL A /= Diameter: 15.0 m

5.« B Drift Tube Resistive Plate : ]
inner Ustector - ‘ Chambers (DT) Chambers (RPC) = Length: 21.5m

ATLAS: 42m - ‘ CMS:2Im x I5m

7,000 toF__-.-- L T— 12,500 tons
10,000 tons
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Searching for the Higgs
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® Predicted Higgs production rate
exceedingly rare

® ~|0000 times less frequent
then W boson production

® | in 10 billion collisions
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Searching for the Higgs

® Predicted Higgs production rate
exceedingly rare

® ~|0000 times less frequent
then W boson production

® | in 10 billion collisions



Some candidate events
O iV

a RunEvent 154108 / 564224000 H

»

H—ZZ at ATLAS

-

-




Bump Hunting
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® Plot mass of data events (sum of decay energies)

® | ook for peak over known backgrounds
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Events / 2 GeV

Events - Bkg

Higgs to Iwo Photons

ATLAS ¢ Daa

——— Sig+Bkg Fit (m =126.5 GeV)
Bkg (4th order polynomial)

1s=7 TeV. det=4.8fb"

\5=8 TeV, [Ldt=5.9fb H-yy

CMS \s=7TeV.L=51fb"\s=8TeV.L=53fb"

5 GeV

Events / 1

¢ Data
S+B Fit
B Fit Component
[ J+1o
[ 26

S/(S+B) Weighted
&)
S

o

120 130

Unweighted

140 1580
m,, (GeV)
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Events/5 GeV

Higgs to Iwo Z Bosons

e Data ATLAS \s=7TeV,L=51fb" \s=8TeV,L=53f"
B Background zZ"
I Background Z+iets, fi
20 [ ] Signal (m =125 GeV)
77 Syst.Unc.

N
9]

H—>ZZ(')—>4I

Events / 3 GeV

Events / 3 GeV

{5l\s =7 TeV:|Ldt = 4.8 fbo

-;_b_“-.:
120 140 160

\s=8TeV:|Ldt=5.8fb" m,, (GeV)

100 120 140 160 180

200 250 m,, (GeV)
m,, [GeV]
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But how significant!?




July 4,2012

ATLAS ¥s=7TeV,L=511b" ys=8TeV,L=531b
2011 - 2012

\s=7TeV: |Ldt=4.6-4.81b"

\s=8TeV: |Ldt=5.859fb"

110 115 120 125 130 135 140 145 150
m,, [GeV]

50 significance at both experiments!

A new particle with mass |25 GeV is discovered

30
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Well, what is it!?

Is=7TeV,L<5.1fb' \s=8TeV,L<12.2fb"
CMS Preliminary m, = 125.8 GeV

1.5 2 2.5
Best fit O'/O'SM

® Answer:a “Higgs-like boson”

® Definitely a new particle, but...

® Not all predicted decays seen with ample significance

® Need more data!

ATLAS Preliminary
W,ZH - bb

\vs=7TeV: JLdt=47m"
\s=8TeV: JLdt= 1310
H—- 1t

\s=7TeV: |Ldt=46m"
\s«8TeV: |Ldt« 1310
H—- WW - v

\e=8TeV: Ldt» 1310

H- vy
\s«7TeV:|LdtwdBib’
\s=8TeV: JLdt=591"

HoZZ' - 4l

\s=7TeV: | Ldt=481"
\s=8TeV: |Ldt=58m"

Combined
157 TeV: |Ldtwd6 480"
\s=8TeV Lt =56-130"

' m, = 126 GeV

Signal strength (u)
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What’s next!?

® | HC shut down for ~2 years
(last week!)

® Magnet upgrades to achieve
design energy (14 TeV)

- ® Additional data in 2015and

P



Conclusion: just the beginning

® Many unanswered questions:
|. Why do particles have mass!?

2. What is “dark matter’’?

3. How does gravity work!?
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Conclusion: just the beginning

® Many unanswered questions:
|. Why do particles have mass?\/ |

2. What is “dark matter’’?

3. How does gravity work!?
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Conclusion: just the beginning

® Many unanswered questions:
|. Why do particles have mass?\/ /

2. What is “dark matter’’?

3. How does gravity work!?
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The 20th Century

atom~102cm

ad 100

1/10,000

nucleus
~10""%cm

~1910

. electron

36



The 20th Century
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ad 100
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The (later) 20th Century

' electron
<10"%cm

atom~102cm

1/10,000

ad 100

nucleus
~10""%cm

~1910

1/10

proton

(neutron)

~1940

1/1,000

~1970
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An aside on units

® Particle physicists use “natural units”
® c=h=|

® Can write mass/distance/time in units of energy
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The particle zoo (1940s-50s)

® Accelerator-based particle
physics flourishes

® Dozens of “fundamental”
particles discovered



Quarks inside protons/neutrons

~— = Accelerate electrons
| S ke s e BT into atomic nuclei

ot ot L It v O Y

electron




B. Richter, et al. (SLAC) S.Ting, et al. (BNL)
“YP” particle “J” particle

J/P meson
Nobel Prize (1974)
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Dlscovery of W and Z bosons

Standard model predicts
large masses for W and £

bosons (~80 GeV)

UAI| and UA2 experiments
announce discovery in 1983

C. Rubbia and S.Van der
Meer: Nobel Prize (1984)

Super Proton Synchrotron (SPS)
proton-antiproton collider: 630 GeV
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A MAJOR STEP FORWARD IN PHYSICS :

THE DISCOVERY OF THE W VECTOR BOSON



